The charge distribution on polyelectrolytes is a key factor, which controls their conformation and interactions. In weak polyelectrolytes, this distribution is determined by a number of factors, including the solvent conditions and local environment. In this work, we investigate charge distributions of chains end-grafted on a spherical nanoparticle in a salt solution, using grand canonical titration Monte Carlo simulations of a coarse-grained polymer model. In this approach, the ionization state of each polymer bead fluctuates based on the dissociation constant, pH of the solution, and interactions with other particles in the system. We determine charge and polymer conformations as functions of the pH and solvent quality. We compare the results to a fixed charge model and also investigate the role of grafting density and the effect of curvature on the film morphologies.
I. INTRODUCTION
Polymers grafted onto surfaces play an important role in many applications, including colloidal stabilization, 1, 2 drug delivery, 3, 4 and lubrication. 5 Due to their importance, these systems have been extensively studied in the past decades. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Weak polyelectrolytes are an especially interesting class of polymers due their ability to respond to changes in the solution, such as the pH or salt concentration. There have been a number of studies on the effects of solvent conditions on the charge and morphologies of these systems. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Recent work utilizing single-chain mean-field theory for polymers grafted to a flat surface has shown a novel morphology for which nonaggregated chains coexist with micelles. 28 In this paper, we study a system of polymers end-grafted to a spherical nanoparticle in a salt solution, using computer simulations to gain further insights into the polymer morphologies possible on curved surfaces. We compare the results to a fixed-charge model to highlight the role of charge regulation. We focus on the polymer conformational and aggregation properties, the charge on polymer beads and on the individual chains, as well as the density profiles. We study the effects of curvature by comparing the results for chains on a nanoparticle to those of identical chains grafted on a flat surface.
II. MODEL AND METHODS
Our systems consist of 30-bead chains with one end tethered to the surface of a nanoparticle with diameter equal to D = 12 nm, in a solution containing 200 mM NaCl. The locations of the grafting points were determined by randomly placing them on the surface of the nanoparticle, subject to the constraint that they could not be closer than one polymer bead diameter, d = 0.4 nm, of each other. Most simulations were in a box of size 45 × 45 × 45 nm 3 , but selected runs were rea) Author to whom correspondence should be addressed. Electronic mail: azp@princeton.edu.
peated in a box of twice as much volume, to check for systemsize effects. A slab of height equal to the nanoparticle diameter, taken from a snapshot of the bulk system, is shown in Fig. 1 ; we do not show the full system because the salt particles will then obstruct the surface of the nanoparticle. We use a coarse-grained polymer model in which adjacent beads are connected by harmonic springs, with the bonded interaction given by
where k/k B T = 300/nm 2 , k B is Boltzmann's constant, and r 0 = 0.4 nm. All particles in the system interact through the Lennard-Jones potential
is varied from 0.3 to 1.8 to represent effective interactions in an implicit solvent of variable quality, and R ij,cut = 1.0 nm. This spans a range from good to poor solvent with a value of 0.75 corresponding to a solvent for uncharged polymers. For ion-ion and ion-polymer interactions, we use the same collision diameter as for the polymer beads, σ ij = d = 0.4 nm, but in this case, ε ij /k B T = 1 and R ij,cut = 2 (1/6) d, representing purely repulsive interactions. Nanoparticle-ion and nanoparticle-polymer bead interaction parameters are ε ij /k B T = 100, R ij,cut = 6.0 nm, and σ ij = 6.0/2 (1/6) nm, providing purely repulsive interactions that ensure that particles do not enter the nanoparticle core.
All 30 beads of each chain are ionizable-they can switch from a protonated (neutral) state to one with a single negative charge, releasing a proton into the solution. In order to model the ionization of the polymer beads, we use the method outlined by Labbez and Jönsson. 33 In this method, each polymer bead has an intrinsic dissociation constant, K 0 , and the titration can be described as
where a i is the activity of species i. The polymer beads are able to change their charge state through a grand-canonical Monte Carlo titration move at constant pH and chemical potential of the salt. Deprotonation can be thought of as a three step process: the addition of a salt molecule, the deprotonation of the polymer bead and release of a proton, and the exchange of the proton and the negative ion with the bulk. These steps can be combined into a single move, which is accepted or rejected according the standard Metropolis acceptance criterion [34] [35] [36] acc
where N p is the number of protonated sites, N d is the number of deprotonated sites, N Na is the number of Na ions in the old configuration, μ Na is the chemical potential of the Na ions, V is the system volume, and U is the difference in energy between the old configuration and the trial configuration. The expression for protonation is given by
For a titration move, we choose randomly between protonation and deprotonation with equal probability. The electrostatic interaction between particles with charges q i and q j is given by,
where ε 0 is the permittivity of free space and ε r = 78.4 is the relative dielectric constant of the solvent, which, as mentioned earlier, is modeled implicitly. Electrostatic interactions were calculated using the particle-particle-particle-mesh Ewald method of Hockney and Eastwood. 37 The salt is included using a grand-canonical Monte Carlo scheme in which the chemical potential is fixed and the number of particles in the simulation box fluctuates. In the base system size of 45 3 nm 3 , there are approximately 22 000 ions in the simulated system. To maintain electroneutrality, we insert or delete neutral groups of ions consisting of one positive and one negative ion. μ is determined for both salt ions independently using the Widom insertion method 38 in a bulk salt solution at a fixed concentration. The chemical potential of the positive ion is also used for grand canonical Monte Carlo titration moves. For a grand canonical move, we choose randomly between insertion and deletion with equal probability. We also choose randomly between grand canonical moves of the salt and titration moves with equal probability. These Monte Carlo moves are combined with molecular dynamics (MD) steps using the highly optimized object-oriented manyparticle dynamics (HOOMD)-Blue package 39, 40 in order to more efficiently explore the degrees of freedom of the polymer. To maintain a temperature of T = 298 K during the MD steps, we use Brownian dynamics 41 and when a particle is inserted, it is assigned a random velocity taken from a MaxwellBoltzmann distribution. Because we are inserting and deleting particles, the simulations will not produce the correct dynamics of the system, however the average thermodynamic properties of the system will be reproduced correctly. Our simulations consisted of 10 6 MD steps and 10 6 MC moves, where one MD step was immediately followed by a MC move. Each simulation was executed on a single NVIDIA GTX 480 GPU card, and a typical run took approximately 2 days.
III. RESULTS
A key factor controlling many aspects of polymer interactions is the total charge on the polymer. For a weak polyacid, this is sensitive to many aspects of the system, including the pH, grafting density ρ, and the attraction strength between the polymer beads, ε * . We find that when ε * is increased, the charge on the polymers decreases, as shown in Fig. 2 . This is due to polymer beads being attracted to each other at higher ε * . It is energetically more unfavorable to ionize a polymer bead, which is surrounded by other ionized beads, relative to an isolated bead. For pH − pK 0 > = 1, we observe a relatively abrupt transition from a highly charged state to a much lower charge. This is driven by a difference in morphology from a homogeneous brush at low ε * to collapsed micelles at high ε * . The change in charge is most dramatic for the highest pH value, where a difference in the charge of 4.5 is observed between the weakest and strongest ε * . We also observe that the system with a grafting density of 0.2 nm −2 has a higher charge fraction than 0.6 nm −2 , which is also due to an increase of neighboring polymer beads for the more dense system.
As stated in the previous paragraph, the abrupt change in total charge corresponds to a change in polymer morphology from a homogeneous brush to collapsed micelles as ε * is increased. We investigate this in more detail by determining the polymer morphologies by visual inspection. In this system, we observe four distinct polymer morphologies in the range of parameters we consider: a homogeneous brush (HB), stripes (S), micelles (M), and nonaggregated chains coexisting with micelles (M+NA). We do not differentiate between non-aggregated chains coexisting with isolated micelles or stripes. These morphologies were observed previously using self consistent field the- ory and we have adopted the same terminology. 28 Examples of these morphologies are shown in Fig. 3 . The morphology diagrams for a grafting densities of 0.2 nm −2 and 0.6 nm −2 are shown in Fig. 4 . While using visual inspection is somewhat ambiguous, a quantitative measure is difficult to obtain since the transistions between morphologies are not sharp.
For the grafting density of 0.2 nm −2 , at the lowest pH values, we see a transition from a homogeneous brush to micelles at relatively weak attraction strengths. As the pH increases, the chains are more highly charged and consequently this transition occurs at higher ε * . At pH − pK 0 = 0.5, we start to see the M+NA morphology. This occurs at values of ε * between where only micelles or only extended chains are observed. As the pH is increased further, the attraction strength where we see M+NA shifts to larger values of ε * , in good agreement with previous theoretical work. 19, 28 This is because this morphology occurs when the attraction strength is comparable to the electrostatic repulsion between the chains, and the chains are more highly charged at large pH values, leading to a stronger repulsion. For a higher grafting density of 0.6 nm −2 , similar behavior is observed; however, this grafting density is high enough to observe stripes, which span the surface of the nanoparticle. These configurations are seen at intermediate attraction strengths, between a HB at weaker attraction strengths and isolated micelles at higher values of ε * . For pH − pK 0 > 1.0, we also observe the onset of the M+NA morphology at weaker values of ε * . We also note that for the higher grafting density, the M+NA morphology spans a larger range of ε * at larger pH values. In the M+NA morphology, the average charge on the non-aggregated chains is significantly higher than the chains comprising the micelles, which can be seen in the snapshots of the different morphologies, shown in Fig. 3 . As a more quantitative measure, we plot the distribution of the average charge per chain in Fig. 5 . For the M+NA morphology, we see a bimodal distribution indicating two distinct populations, one with a high charge, the non-aggregated chains, and one with a low charge, the micelles. However, a bimodal distribution is not always observed when the M+NA morphology is observed. For example at pH − pK 0 = 1.75 and ε * = 1.6, we only see one peak, however we observe the M+NA morphology, cf. Fig. 4 . In this case, there are many more micelles than non-aggregated chains and because of this, their contribution is small and indistinguishable from the tail of the distribution. Two distinct populations each with different charges have also been observed on flat plates using self consistent field theory. 19 In this study, Pryamitsyn et al. observed the coexistence of collapsed and extended chains in the normal direction in good agreement with our simulation results.
In order to determine whether this distribution of charges is required to see the M+NA morphology, we repeat these simulations using a fixed charge model. In this model, a number of polymer beads are randomly assigned a charge in order to match the average charge determined from the ionizable simulations, cf. Fig. 2 . The morphology diagrams from these simulations are shown in Fig. 4 . We do observe M+NA, even for the fixed charge model, however the range of parameters, both pH and ε * is narrower than for the ionizable model. This is more pronounced for the higher grafting density. To the best of our knowledge, this is the first time the M+NA morphology has been observed for a fixed charge model. In our fixedcharge model, some chains are assigned a higher charge than the average because of statistical fluctuations. These chains in turn are more likely to "stick out" in the M+NA morphology. For the ionizable model, the cause-and-effect relationship goes both ways, with chains in temporarily extended conformations acquiring more charge, but also chains with more charge adopting extended conformations.
Even in the cases where the ionizable model and the fixed charge model predict the same morphology, there can be other differences in system properties. To illustrate this, we examine the density of the polymer beads as a function of the radial distance away from the surface of the nanoparticle. As shown in Fig. 6 , we see larger deviations near the region where M+NA is observed. In this region, where the electrostatic interactions are of comparable strength to the attraction strength, charge regulation has a bigger impact on the system properties.
In order to establish that finite-size effects on these systems are small, we investigated two systems in a box of twice the total volume relative to the base case of 45 3 nm 3 . The first had a grafting density of 0.2 nm −2 , ε * = 1.2, and pH-pKa = 1.0. This system has micelles coexisting with free chains. The second system had grafting density of 0.6 nm −2 , ε * = 0.3, and pH-pKa = 2.0. This system corresponds to a morphology of free chains. All properties computed (morphology, density profile, fraction of charged sites) were identical to those of the base case, within simulation uncertainties.
To determine the impact of curvature on the observed morphologies, we performed a similar set of simulations on a flat surface. For this system, we use a slab geometry with the dipole correction for the long-ranged electrostatics calculations with a vacuum layer 4 × the system width. All the results were qualitatively the same with small quantitative differences, which is consistent with previous studies investigating the effect of curvature on grafted non-ionizable polyelectrolytes. 20 Figure 7 shows the morphology diagram for the flat surface with a grafting density of 0.2 nm −2 . We see very similar results to the nanoparticle system, with the only difference being a shift of the M+NA morphology to weaker values of ε * at higher values of pH − pK 0 . This same trend is observed by simply increasing the grafting density of the nanoparticle system. This indicates that the primary effect of curvature is that, at the same grafting density, chains are on average closer to each other on a flat surface than on a highly curved surface.
IV. CONCLUSIONS
In this work, we have combined grand canonical Monte Carlo with molecular dynamics to study a system of ionizable polymers end-grafted to a nanoparticle. The morphologies we observed were qualitatively similar to previous theoretical work on a similar system on a flat surface. 28 However, we do observe the M+NA (micelles + non-aggregated chains) morphology, even for a fixed charge model, albeit under a more limited range of pH and ε * . We also observe differences between the fixed charge and ionizable models in the density profile of the polymers close to the region where we see the M+NA morphology. In this region, where the attraction strength is comparable to the electrostatic repulsion, charge regulation plays a bigger role in determining system properties.
In this work, we have focussed on the effects of pH and ε * however, the effects of salt valence and concentration could provide a rich area for further investigation. Multivalent ions have been shown to produce qualitatively different results due to their stronger interactions. 14, 42 In addition, interactions between polymer grafted surfaces and their effect on the nanoparticles interactions could lead to a better understanding of how to control these interactions using pH-responsive grafted layers. This was studied in detail for flat surfaces by Singh et al. 22 where a change in polymer morphology was observed as two surfaces with grafted polyelectrolytes were brought together, which did affect forces between the surfaces. The effect of curvature, however, has yet to be investigated.
